J Wood Sci (2005) 51:655-658 
DOI 10.1007/sl0086-005-0718-7 


© The Japan Wood Research Society 2005 


NOTE 


Jonas Hafren 

Antibody-based assay for galacturonan deesterification on wood pulp fibers 
during bleaching 


Received: September 28, 2004 / Accepted: February 14, 2005 

Abstract Antibodies recognizing galacturonan were used 
in immunoassays for industrial unbleached and hydrogen 
peroxide-bleached chemithermomechanical pulp (CTMP). 
The assays were based on a colorimetric method using 
specific monoclonal antibody recognition of acidic and me¬ 
thylated homogalacturonan, respectively, on the pulp fiber 
surfaces. Alkaline phosphatase-conjugated antibodies 
were linked to the galacturonan specific antibodies, and an 
alkaline phosphatase substrate (p-nitrophenylphosphate) 
was used to develop a yellow reaction product that can 
be followed spectrophotometrically. Together the newly 
developed immunoassays were able to describe the 
deesterification, specifically, of surface-localized galac¬ 
turonan on CTMP, induced by alkaline hydrogen peroxide 
bleaching. Unbleached CTMP showed relatively more la¬ 
beling by methylated galacturonan recognizing antibodies, 
whereas bleached CTMP was relatively more labeled for 
acidic galacturonan. The increase in negative charge of the 
bleached pulp was also shown by polyelectrolyte titration; 
the negative surface charge was 9.3/ieqg 1 in unbleached 
CTMP and 21.7/ieqg” 1 in bleached pulp. 
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Introduction 

The properties of chemithermomechanical pulp (CTMP) 
depend on, among other things, the wood used and the 
defibration conditions. The quality of the finished paper 
product is also influenced by fiber-to-fiber bond strength, 
which in turn is affected by the structure and chemistry of 
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the pulp fiber surface. Therefore, the pulp surface is an 
important aspect for the paper. 1 Negative fiber charge is one 
property that has been shown to affect the pulp, and in 
mechanical pulp, pectin is a source of negative charge. The 
main pectic substructure, galacturonan, has a high negative 
charge density because the polysaccharide is mainly com¬ 
posed of (1^4)-linked (z-D-galacturonic acid residues that 
are partly esterified by methanol, with single units of rham- 
nose interspersed within the galacturonic backbone. 2 In 
solid wood, pectin containing galacturonan is localized be¬ 
tween the fibers. 3 Therefore, after fiber separation by me¬ 
chanical pulping, some pectic galacturonic acid is exposed 
at the fiber surface. 4 Acidic groups have previously been 
suggested to relate to strength properties in mechanical 
pulp; in pulps with different surface and total fiber charges, 
a positive correlation between some paper strength prop¬ 
erties and negative charge was indicated. 5 Industrially 
bleached mechanical pulp has higher negative charge than 
unbleached pulp when bleached with alkaline hydrogen 
peroxide. This is due to extensive de-esterification of 
polysaccharides and introduction of new carboxylic groups 
on lignin. To better understand, predict, and develop the 
pulping and paper-formation processes, detailed informa¬ 
tion of the pulp surface chemistry of bleached and un¬ 
bleached pulp is desirable. However, because wood fibers 
are structurally and chemically heterogeneous, detailed and 
spatially resolved chemical information of specific compo¬ 
nents with restricted localization within the wood pulp are 
difficult to obtain, even with advanced spectrometric 
and spectroscopic methods. Therefore, biomarker-based 
analyses are being developed, and recently a bioassay based 
on a colorimetric method using specific monoclonal anti¬ 
body recognition of methyl-esterified homogalacturonan 
was developed for analysis of wood pulp surfaces. 6 In this 
study, a bioassay for nonesterified galacturonan is pre¬ 
sented, and the combined immunoassays for acidic and 
methylated galacturonan have been applied to unbleached 
and alkaline hydrogen peroxide-bleached CTMP to study 
the de-esterification of the pulp fiber surface galacturonan 
during the bleaching process. The increase of negative 
charge on the pulp fiber surface, due to bleaching treat- 
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ment, was also analyzed by polyelectrolyte titration, and 
correlated to the presence of carboxylic groups on the pulp 
fiber surface. 


Experimental 

Pulps and antibodies 

Unbleached and hydrogen peroxide-bleached CTMPs, pre¬ 
dominantly derived from Norway spruce (Picea abies 
Karst.), were used. The pulps were industrially produced at 
the Ostrand mill in Timra, Sweden, by SCA, and delivered 
to the laboratory and used fresh without prior pretreat¬ 
ments. The antibodies PAM1 (antihomogalacturonan 
phage display monoclonal antibody) and JIM7 (rat 
antihomogalacturonan IgA) were gifts from W.G.T. Willats 
and J.P. Knox at University of Leeds, and K. Roberts at 
John Innes Institute, UK, respectively. Monoclonal 
antipolyhistidine clone HIS-1 (H-1029) and antimouse IgG 
alkaline phosphatase conjugate (A3562) were from Sigma- 
Aldrich. Goat antirat IgG conjugated to alkaline phos¬ 
phatase was from Amersham Pharmacia Biotech. 

Immunoassays for galacturonan 

The general labeling procedure for the pulps was perfor¬ 
med as described earlier, 6 using PAM1 against acidic 
galacturonan and JIM7 for partially methyl-esterified 
galacturonan. Pulps samples (10 mg dry weight) were 
placed in sodium phosphate-buffered saline (PBS buffer, 
pH 7.2) containing 3% (w/v) bovine serum albumin (BSA) 
for 30min. Then 100 p\ of PAM1 (diluted 1:100 in PBS with 
3% BSA) replaced the blocking buffer, and after overnight 
incubation at 4°C the samples were washed in PBS (5 min x 
3) and then labeled with 100 jul of antipolyhistidine clone 
HIS-1 (diluted 1:100 in PBS with 3% BSA) for 4h, at room 
temperature. Thereafter, samples were washed again in 
PBS (5 min x 3) and labeled overnight at 4°C with 100 fi\ of 
antimouse IgG alkaline phosphatase conjugate (diluted 
1:1000). Afterward, the pulps were washed in PBS 
(containing 0.1% Tween 20, 5 min x 3) and distilled water 
(5min x 3). Alkaline phosphate liquid substrate (p - 
nitrophenylphosphate, pNPP) was added (160/il/sample) 
and the color development of 150-/il samples was moni¬ 
tored at 405 nm. All spectrophotometric assays were per¬ 
formed using a BioTek EL311 microplate autoreader. By 
omitting PAM1 in the labeling procedure and by using 
galacturonan-free pulps, labeling-specificity controls were 
performed. Negative controls showed no significant label¬ 
ing. The procedure for labeling pulps with JIM7 was the 
same as outlined above for PAM1, with the exception that 
no intermediate linker antibody was needed. For the colori¬ 
metric analysis, a secondary antibody with alkaline phos¬ 
phatase conjugated with goat antirat IgG was used. 


Fiber composition and surface charge 

Neutral sugar compositions of the pulps were analyzed after 
the pulp samples were hydrolyzed by sulfuric acid treat¬ 
ment. The dissolved sugars were derivatized and analyzed 
as alditol acetates by gas chromatography, 7 while the lignin- 
containing residue was filtered off and determined gravi- 
metrically (Klason lignin). 8 The fiber surface charge was 
determined by polyelectrolyte titration, 9 and the Canadian 
Standard Freeness (CSF) of the pulps were analyzed using 
a standard ISO test method. 10 


Results and discussion 

Alkaline hydrogen peroxide treatments induce complex 
chemical reactions and alterations to the pulp fiber surface 
properties during bleaching. However, chemical analysis of 
large surface-specific areas are not readily performed on 
insoluble, heterogeneous, and natural biopolymer compos¬ 
ite materials such as wood fibers. Therefore, alternative 
methods based on biomarkers have been developed for 
fiber surface studies. Recently, an antibody-based bioassay 
for partially methyl-esterified galacturonan on wood pulp 
fibers has been developed. 6 To a galacturonan-specific 
antibody, a secondary antibody conjugated with alkaline 
phosphatase was bound; thereafter, when adding p- 
nitrophenylphosphate (an alkaline phosphatase substrate), 
a yellow product forms at a rate correlating to the amount 
enzyme present in the sample, and the increase in optical 
density is monitored using a spectrophotometer. The linear 
regression-fitted slopes of the absorbance increase over 
time correlate to the specific amount of labeled gal¬ 
acturonan present on the pulp surface. When the colorimet¬ 
ric assay for methylated galacturonan were used for surface 
characterization of two wood pulps, it was able to success¬ 
fully recognize different qualities. 6 

Methylated galacturonan on the pulp fiber surface 

When CTMP is bleached in alkaline conditions, the car¬ 
boxylic group at the C-6 position of the galacturonic acid 
residue is deesterified, which results in the liberation of 
carboxylic acid (Fig. 1). The base-catalyzed deesterification 
produces randomly distributed free carboxylic acids along 
the galacturonan polymer backbone; thus, CTMP contain- 



Fig. 1 . Alkali deesterification of homogalacturonan (R = galacturonan 
backbone) 
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Fig. 2. Chemithermomechanical pulp (CTMP) fibers labeled for me¬ 
thylated galacturonan. Unbleached CTMP shows a higher rate of 
change in absorbance than bleached CTMP. The data are mean values 
of duplicates 

ing methyl-esterified galacturonan will become more acidic 
during alkaline bleaching as demethylation generates new 
carboxylic groups in the fibers. When bleached and un¬ 
bleached CTMP samples were subjected to colorimetric 
measurements using the JIM7 monoclonal antibody, spe¬ 
cific to partially methyl-esterified homogalacturonan, 11,12 the 
rate of color development was significantly reduced for the 
bleached CTMP sample, which indicate a reduction in 
the degree of methylation of the galacturonan exposed on 
the CTMP surface (Fig. 2). 

Assay of acidic galacturonan 

Because bleaching is known to dissolve some pectic sub- 
stances, a colorimetric assay giving a positive response 
with increased absorbance, as a result of the demethylation, 
was developed in order to corroborate the results from 
Fig. 2. The bioassay was adapted for analysis of acidic 
homogalacturonan using an antibody called PAM1, which 
specifically recognizes regions of about 30 nonesterified ga- 
lacturonic acid residues. PAM1 comes from a naive phage 
display library and is a recombinant single chain antibody 
fragment that has a N-terminal polyhistidine (HIS). 14,15 The 
HIS tag was used for linking the alkaline phosphatase- 
conjugated antibody to the epitope. The alkaline-treated 
pulp (i.e., bleached) generated faster optical density devel¬ 
opment than unbleached pulp (Fig. 3), indicating an appar¬ 
ent increase in the amount of accessible nonesterified 
galacturonic acid residues on the surface of the bleached 
pulps, which is in agreement with the results in Fig. 2. The 
loss of some galacturonan during bleaching probably re¬ 
duced the total amount of galacturonan on the fiber surface; 
however, the deesterification of the galacturonan still 
present, seems to add more negative charge to the fiber 
surface than what is lost to galacturonan dissolved from the 
pulp fiber surface. 



Fig. 3. CTMP fibers labeled for acidic galacturonan. Bleached CTMP 
shows a higher rate of change in absorbance than unbleached CTMP. 
The data are mean values of duplicates 


Table 1. Characterization of chemithermomechanical pulp before and 
after hydrogen peroxide bleaching 


Analysis monosaccharide 3 

Unbleached 

Bleached 

Arabinose 

1.1 

1.2 

Xylose 

5.0 

5.1 

Galactose 

1.7 

1.6 

Glucose 

43.3 

44.1 

Mannose 

12.1 

11.7 

Lignin 3 

27.1 

27.1 

CSF b (ml) 

443 

401 

Surface charge 0 (^eqg -1 ) 

9.3 

21.7 


a Dry weight percentage, mean values of duplicates 
b Canadian standard freeness, according to standard test method 
c According to standard test method 


Fiber composition and charge 

The overall chemical composition, freeness, and surface 
charge were analyzed for the two different pulp qualities 
(Table 1), and the neutral monosaccharide composition and 
lignin content indicated that the bleaching had not pro¬ 
duced any major differences in chemical composition be¬ 
tween the pulps. The Canadian standard freeness (CSF) 
showed the bleached pulps to have somewhat lower values 
but the pulps were similar enough to expect it to not signifi¬ 
cantly affect the colorimetric assays. The surface charges of 
the pulps were analyzed by polyelectrolyte titration, and 
there was an evident increase in overall surface charge as a 
result of bleaching of the pulp. In hydrogen peroxide- 
bleached high-yield pulps, most of the polysaccharides and 
lignin are retained in the fibers, but some process-induced 
chemical alterations of the wood components are known to 
occur. The increased surface charge would presumably be 
the result of the combined effect of the bleaching process on 
all carboxylic acid esters and lactones in the fibers (i.e., also 
hemicelluloses). Hydrogen peroxide treatment also in¬ 
creases negative charge in CTMP through hydroperoxide 
anion reactions with enone structures in lignin to form car¬ 
boxylic end groups. In addition, other reactive species (hy¬ 
droxyl and superoxide anion radicals), formed during metal 











658 


ion-catalyzed hydrogen peroxide decomposition, can also 
lead to the formation of carboxylic acid groups in the lignin 
structure. 16 Thus, the higher negative charge of hydrogen 
peroxide-bleached CTMP compared with unbleached 
CTMP results from both polysaccharide and lignin modifi¬ 
cations. Titrations for fiber-charge analysis determine the 
carboxylic acid content unspecifically, whereas the immu¬ 
noassay method presented in this study provides a useful 
tool for surface analysis of specific structures; any structures 
that can function as epitopes for antibody recognition. A 
physically masked or changed epitope would leave it unrec¬ 
ognized by an antibody. If JIM7 labeling of bleached CTMP 
were reduced (compared with unbleached) due to some¬ 
thing other than deesterification, the PAM1 antibody label¬ 
ing would also have been negatively affected. Therefore, 
the decreased amount of labeling of bleached CTMP, by 
JIM7, and the subsequent increased amount of labeling of 
PAM1 of the same pulp, together indicate that the immu¬ 
noassays can successfully be used to show the galacturonan 
deesterification on wood pulp fibers during bleaching. 


Conclusions 

Changes in the methylation of galacturonan on CTMP dur¬ 
ing bleaching can be detected using immunoassays based on 
specific antibody recognition of methylated and acidic ga- 
lacturonic acid residues, respectively. The decrease in me- 
thyl-esterified galacturonan labeling corresponded with an 
increase in labeling of acidic galacturonan in bleached 
CTMP when compared with unbleached CTMP. The suc¬ 
cessful application of the developed bioassays for analyzing 
changes in esterification on wood pulps due to industrial 
processing were corroborated by surface charge analysis by 
polyelectrolyte titration. The approach of combining two 
immunoassays to analyze the decrease and increase in anti¬ 
body-labeling intensity, has in this study been shown to be a 
useful tool for analyzing process-related surface-localized 
changes in specific chemical structures. A similar approach 
should also be generally applicable to other modifications of 
surface-localized biopolymers. 

Acknowledgments This work was carried out within the framework of 
the competence center Wood Ultrastructure Research Centre 
(WURC, http://www-wurc.slu.se) at Uppsala, Sweden. Geoffrey 
Daniel of the WURC and the Swedish University of Agricultural Sci¬ 
ences is thanked for valuable discussions. Peter Sandstrom at SCA 
Graphic Research AB in Sundsvall, Sweden, provided pulp samples 
and support. PAM1 was generously provided by W.G.T. Willats and 
J.P. Knox of the University of Leeds, UK, and JIM7 by K. Roberts at 
John Innes Institute, Norwich, UK. 


References 

1. Franzen R (1986) General and selective upgrading of mechanical 
pulps. Nord Pulp Pap Res J 3:4-13 

2. Powell DA, Morris ER, Gidley MJ, Rees DA (1982) Conforma¬ 
tions and interactions of pectins. II. Influence of residue sequence 
on chain association in calcium pectate gels. J Mol Biol 155:517- 
531 

3. Hafren J, Westermark U (2001) Distribution of acidic and 
esterified polygalacturonan in sapwood of spruce, birch and aspen. 
Nord Pulp Pap Res J 4:284-290 

4. Hafren J, Daniel G (2003) Distribution of methyl-esterified 
galacturonan in chemical and mechanical pulp fibers. J Wood Sci 
49:361-365 

5. Zhang Y, Sjogren B, Engstrand P, Htun M (1994) Determination 
of charged groups in mechanical pulp fibres and their influence on 
pulp properties. J Wood Chem Technol 1:83-102 

6. Hafren J, Daniel G (2003) A bioassay for methylated galacturonan 
on pulp-fiber surfaces. Biotechnol Lett 25:859-862 

7. Theander O, Westerlund EA (1986) Studies on dietary fiber. 3. 
Improved procedures for analysis of dietary fiber. J Agric Food 
Chem 34:330-336 

8. TAPPI test methods (1988) Acid-insoluble lignin in wood and 
pulp. T 222 om-88. TAPPI, Atlanta, GA 

9. Wagberg L, Odberg L, Glad-Normark G (1989) Charge determi¬ 
nation of porous substrates by polyelectrolyte adsorption. Part I. 
Carboxymethylated bleached cellulosic fibers. Nord Pulp Pap Res 
J 4:71-76 

10. ISO Standard Test Method (2001) Determination of drainability - 
part 2: Canadian standard freeness method. ISO 5267-2:2001. 
Standard handbook; paper, board and pulps. International 
Organization for Standardization, Geneva 

11. van den Bosch KA, Bradley DJ, Knox JP, Perotto S, Butcher GW, 
Brewin NJ (1989) Common components of the infection thread 
matrix and the intercellular space identified by immunocytochemi- 
cal analysis of pea nodules and uninfected roots. EMBO J 8:335- 
342 

12. Knox JP, Linstead PJ, King J, Cooper C, Roberts K (1990) 
Pectin esterification is spatially regulated both within cell walls 
and between developing tissues of root apices. Planta 181:512- 
521 

13. Holmbom B, Ekman R, Sjoholm R, Eckerman C, Thornton J 
(1991) Chemical changes in peroxide bleaching of mechanical 
pulps. Das Papier 45:16-22 

14. Willats WGT, Gilmartin PM, Mikkelsen JD, Knox JP (1999) Cell 
wall antibodies without immunization: generation and use of de- 
esterified homogalacturonan block-specific antibodies from a naive 
phage display library. Plant J 18:57-65 

15. Willats WGT, Limberg G, Buchholt HC, van Alebeek G-J, Benen 
J, Christensen TMIE, Visser J, Vorangen A, Mikkelsen JD, Knox 
JP (2000) Analysis of pectic epitopes recognised by hybridoma and 
phage display monoclonal antibodies using defined oligosaccha¬ 
rides, polysaccharides, and enzymatic degradation. Carbohydr Res 
327:309-320 

16. Gierer J (1997) Formation and involvement of superoxide (O 2 “'/ 
HOy) and hydroxyl (OH) radicals in TCF bleaching processes: a 
review. Holzforschung 51:34-46 


The publication of this article was made possible by an Emachu Re¬ 
search Fund. The author is greatful for the fund. 






